Cellulosic ethanol biorefinery economics can be potentially improved by converting by-product lignin into high valued products. Cellulosic biomass is composed mainly of cellulose, hemicellulose and lignin.
Corn stover is washed and shredded. Pre-treatment with steam and dilute sulfuric acid releases the five-and six-carbon sugars in the hemicellulose. The pretreated feed is neutralized, and then sent to enzymatic saccharification to release the six-carbon sugars in the cellulose. This is followed by fermentation of the sugars to ethanol. The dilute ethanol stream is distilled to separate ethanol from the solids and the majority of the water. The ethanol is then dehydrated to 99% ethanol. The distillationbottoms stream is sent to a triple-effect evaporator to concentrate the solids. Two solid streams are generated: the mainly lignin portion ("still solids") from the first evaporator and the evaporator syrup from the third evaporator. In the base NREL process, both solid streams are sent to the boiler to raise steam for power generation. Also, in the NREL case, all power for the plant is generated onsite and any excess electricity is sold back to the grid. The details of this part of the process can be found in the NREL cellulosic ethanol design report (NREL 2002) .
In the process discussed in this report, the lignin-rich "still solids" are sent to the fast-pyrolysis portion of the plant. The evaporator syrup supplies insufficient fuel to generate power for the entire plant; therefore, a portion of the corn stover feedstock is diverted to the boiler. The total feed rate of corn stover is maintained at 2000 dry mtpd. This size of plant is consistent with a delivered-feedstock cost of $46/dry short ton (NREL 2008) . At this price, the feedstock is assumed to "reactor-throat ready." That is, it has already been washed and size-reduced. Figure 2 shows the equipment flow diagram for the fast-pyrolysis system. Wet lignin containing solids from the first evaporator are dried from 50% moisture to 8% moisture using hot exhaust gases. The fast-pyrolysis reactor system is assumed to be a circulating fluidized-bed reactor using hot sand to provide the heat for the endothermic pyrolysis reactions. The reactor residence time is less than 1 second. During this time, the lignin and other solids in the feed break down into non-condensable gases, water, char and organic vapor. The reactor effluent enters a cyclone to separate sand, char, and unconverted solids from the vapor product. The vapor product is then rapidly quenched with cooled pyrolysis oil product to prevent further reaction. A portion of the non-condensable gases is recycled to the pyrolysis reactor to help fluidize the bed. The remainder is burnt with the char to provide reheat to the circulating sand. Hot exhaust flue gases from the sand heater are sent to the dryer to dry the incoming wet feed. Three cases were modeled: the base case, the base pyrolysis case and a pyrolysis case with high char formation. The base case is the same as the state-of-technology case (NREL 2008) . Here the plant produces only ethanol and by-product electricity. Since no experimental data exist for a lignin feed stream derived from a cellulosic ethanol plant, two cases pyrolysis cases were analyzed. One with high char yield and one with low char yield. In the high char case, the excess heat not needed by the dryer was recuperated into steam for use in the plant.
Process Flow Assumptions
The flowsheet was modeled using the CHEMCAD process flow software. The simulation assumptions for all parts of the process except the fast-pyrolysis unit are those given in the NREL design report (NREL 2002) . The fast-pyrolysis process is similar to that described in the PNNL Pyrolysis design report (PNNL 2008) . Table 1 lists the assumptions and sources for the fast-pyrolysis reactor. No data were found for fast pyrolysis of raw lignin from a cellulosic ethanol plant. Thus the operating conditions were estimated from two extremes: sorghum bagasse containing approximately 25% lignin and milled wood lignin. The model feed on a dry basis is approximately 60% lignin with the remainder being ash and unconverted feed. Pyrolysis of whole lignocellulosic feedstocks is well documented and results in high conversions and yields as high as 75% (wet) of pyrolysis oil (IEA 2007) . At the other extreme is pure lignin. Pyrolysis of pure lignin feedstock is not easily done. Ferdous et. al. reports the pyrolysis of Alcell lignin at 520°C to have a 50% conversion with half the product being char and the remainder equally split between gas and liquid products (Ferdous 2001 
Economic Assumptions
The capital and operating costs are calculated in a Microsoft Excel spreadsheet using results from the CHEMCAD process simulation. A simple return-on-investment calculation is used to estimate the product selling price. All capital costs are reported in year-2007 dollars to be consistent with the current state of technology values (NREL 2008) . The total capital investment is factored from installed equipment costs (NREL 2002) . The operating labor was determined by assuming one operator per shift per major processing area. Most labor categories (control lab, supervisory, administrative) are factored from the operating labor. Maintenance materials, labor and local taxes and insurance are factored from the capital investment. These data and their sources are summarized in Table 2 . Table 3 summarizes the raw material consumption and by-product electricity generation for each case. Three cases are considered:  Base Case: the lignin is burned in the boiler to produce plant steam and power,  Fast Pyrolysis Low Char Case: the lignin is dried and then fast pyrolyzed with a minimum of char formation, some corn stover is diverted from fermentation for use as boiler feed, and  Fast Pyrolysis High Char Case: the lignin is dried and then fast pyrolyzed with a maximum of char formation and some corn stover is diverted from fermentation for use as boiler feed.
Analysis and Results
The high-char-formation case was modeled to account for uncertainty in the pyrolysis yields. No data are available specifically for fast-pyrolysis yields from cellulosic ethanol lignin. Thus a worst case was modeled where the process yields more char than oil.
Chemical consumption per gallon of ethanol produced as shown in Table 3 is nearly the same for each case. However, the costs associated with each item are increased in the high and low char cases due to the reduced ethanol yield as compared with the base case. The fast pyrolysis oil produced in the high and low char cases are taken as an operating credit. It is assumed that the pyrolysis oil has the same value as residual oil with the price adjusted proportionately to reflect the difference in heating values of the two oils. All three cases generate power slightly in excess of that needed by the plant. Credit is taken for the excess power under the assumption that it can be sold to the grid. Table 4 summarizes the yields and capital and operating costs for each case. Note that each case assumes a feed rate of 2000 MTPD dry stover to the plant gate. In the base case, most of the cellulosic and hemicellulosic material is fermented to ethanol. The lignin and any unconverted sugars are sent to the boiler to generate steam and power. When lignin is diverted from the boiler to a fast pyrolysis unit, another fuel must be substituted in the boiler. While additional stover above 2000 mtpd could have been brought into the plant to serve as boiler fuel, the price will likely be higher than the $46/ton assumed here. This is due to the additional transportation costs needed to widen the biomass collection area in order to increase the federate to the plant. Thus, in the fast pyrolysis scenario, a small portion of the corn stover was diverted from fermentation to the boiler. This reduces the available amount of cellulose and hemicellulose in the fermentation step, resulting in a 22% reduction in ethanol yield for the pyrolysis case. Routing part of the feed to the boiler also affects the capital costs. The capital cost of adding a pyrolysis unit is more than offset by the reduction in capital for the pretreatment, fermentation and product-separation portions of the plant. However, the value of pyrolysis oil is not sufficient to justify the reduction in ethanol yield, as can be seen by the estimated selling price.
It appears that producing pyrolysis oil from lignin will likely increase the selling price of ethanol by approximately 7-15 cents/gallon. The capital and operating costs are shown in Table 4 . 
Conclusions and Recommendations
A techno-economic analysis (TEA) using a CHEMCAD-based process model and Excel-based production-cost spreadsheet of cellulosic-derived lignin conversion to pyrolysis oil was performed. Fast pyrolysis of raw lignin from a cellulosic plant has not been demonstrated. Furthermore, the minimum amount of cellulosic material needed in the lignin stream to allow high conversions and high yields of liquid products is not known. However, this screening study suggests that producing fast pyrolysis oil as an end product in a biorefinery is too low of a value fuel to positively impact ethanol economics. Thus further research into fast pyrolysis as an end product is not recommended. If a higher valued product could be produced, then this option may have merit. Examples of higher valued products are upgrading the fast pyrolysis oil to gasoline or extracting chemicals such as levoglucosan. Estimating the economics for these higher valued products is beyond the scope of this work. However, this work can serve as a basis for future biorefinery studies.
Upgrading the raw lignin stream from an ethanol biorefinery to valuable products has the potential to improve the economics of a cellulosic biorefinery. It is recommended that techno-economic work be continued to identify those products worth pursuing. Since the lignin has high moisture content, it is recommended that future studies consider wet processing methods such as high-pressure liquefaction or gasification for fuels production. Upgrading fast pyrolysis oil and chemical production should also be considered. 
